Methylmalonic acid (MMA) is a by-product of propionic acid metabolism through the vitamin B 12 (cobalamin)-dependent enzyme methylmalonyl CoA mutase. Elevated MMA concentrations are a hallmark of several inborn errors of metabolism and indicators of cobalamin deficiency in older persons. In a genome-wide analysis of 2,210 healthy young Irish adults (median age 22 years) we identified a strong association of plasma MMA with SNPs in 3-hydroxyisobutyryl-CoA hydrolase (HIBCH, p ¼ 8.42 3 10 À89 ) and acyl-CoA synthetase family member 3 (ACSF3, p ¼ 3.48 3 10 À19 ). These loci accounted for 12% of the variance in MMA concentration. ). In a longitudinal study of 185 pregnant women and their newborns, the association of this SNP remained significant across the gestational trimesters and in newborns. HIBCH is unique to valine catabolism. Studies evaluating flux through the valine catabolic pathway in humans should account for these variants. Furthermore, this SNP could help resolve equivocal clinical tests where plasma MMA values have been used to diagnose cobalamin deficiency.
Introduction
Methylmalonic acid (MMA) is a by-product of the reaction catalyzed by methylmalonylCoA mutase (MUT), one of two enzymes in mammals that use vitamin B 12 (cobalamin) as a cofactor. 1 This mitochondrial enzyme plays an important role in the metabolism of odd-chain fatty acids and the branched-chain amino acids valine, leucine, and isoleucine. Catabolism of these molecules produces methylmalonylCoA which is converted to succinylCoA via MUT activity. If MUT does not function effectively, the MMA concentration in blood increases. Rare high-penetrance mutations in MUT (MIM: 609058) or in enzymes affecting the transport or synthesis of 5 0 adenosylcobalamin cause a number of inborn errors of metabolism characterized by methylmalonic acidemia. 2 However, there are currently no data to suggest that genetic variation in MUT determines plasma MMA levels outside of rare inborn errors of metabolism. Furthermore, there are no data on the relative contributions of branched-chain amino acid or fatty acid oxidation pathways to circulating MMA concentrations in healthy individuals. Transient or persistently elevated circulating MMA levels are observed in individuals with severe mutations in ALDH6A1 (MIM: 603178), which encodes methylmalonate semialdehyde dehydrogenase, 3 and ACSF3 (MIM: 614245), which encodes a mitochondrial AcylCoA synthetase considered to have malonylCoA and methylmalonyl CoA activities, 4, 5 and in mitochondrial depletion diseases such as succinate Co-A ligase deficiency due to mutations of mitochondrial SUCLG1 (MIM: 611224). 6 In contrast to diseases of newborns that result in elevated MMA concentration, cobalamin deficiency is relatively common among the elderly; estimates of deficiency range from 6% to over 40% in this population. [7] [8] [9] [10] [11] Untreated cobalamin deficiency can lead to megaloblastic anemia or irreversible neurological damage. 12 The MUT enzyme is extremely sensitive to cobalamin deficiency, and circulating MMA concentration is regarded as a sensitive and specific marker of cobalamin status, such that plasma concentrations within the normal reference range (<0.27 mmol/L) exclude cobalamin deficiency and concentrations >0.5 mmol/L almost invariably indicate deficiency. 13, 14 However, MMA concentration is influenced by age and renal impairment. [15] [16] [17] Many older persons have marginally elevated MMA concentrations in the range of 0.27-0.37mmol/L. 18 This elevation is not associated with the status of other cobalamin biomarkers, such as the serum total cobalamin or plasma homocysteine. Circulating MMA concentrations in excess of 0.37 mmol/L are used to define inadequate cobalamin status; 14, [19] [20] [21] nevertheless, in one study of older subjects, known determinants of MMA levels (age, plasma creatinine, and plasma total cobalamin) accounted for less than 17% of the variation in this trait. 16 Several reports have demonstrated transiently high MMA concentration in plasma and urine of neonates up to 6 months old, 22 but it remains unclear whether this is related to low cobalamin status or whether other processes involved in MMA handling that are independent of vitamin B12 function are not fully developed. 23 Identification of genetic factors that influence circulating MMA concentration in healthy individuals would greatly help in interpreting MMA levels that are elevated but of unknown clinical significance.
To identify loci that influence the plasma MMA concentration in healthy individuals, we conducted a genomewide association study (GWAS) in a cohort of healthy young Irish adults aged between 18 and 28 years. Our study of this ethnically and environmentally homogeneous group identified variants that were also associated with circulating MMA levels in two Irish replication cohorts (older adults and pregnant women). We present evidence that the functional variant underlying the strongest association signal acts at the level of transcription.
Material and Methods

Recruitment of the Subjects for the GWAS
The Trinity Student Study (TSS) population has been described previously. [24] [25] [26] The cohort was established over one academic year (2003) (2004) for the purpose of exploring the heritability of quantitative traits. A total of 2,524 eligible students attending the University of Dublin, Trinity College (TCD) were invited to participate in the study. Eligibility criteria included being between 18 and 28 years old, having no current serious medical condition, and being of Irish ethnicity based on geographic origins of grandparents. All participants gave a non-fasting 30 mL venous blood sample and completed a health and lifestyle questionnaire in which information on age, gender, height, weight, medical history and medications, smoking, alcohol intake, and dietary habits was collected. Detailed supplement and fortified food intake data were additionally collected as part of the questionnaire. Participants were paid a modest honorarium for completing the study. Fifteen students did not return a questionnaire and were excluded. One student was found to have participated twice and the second blood sample and questionnaire were excluded. Samples from 2,508 participants with questionnaire data went forward for metabolite analysis and DNA extraction. Ethical approval was obtained from the Dublin Federated Hospitals Research Ethics Committee, which is affiliated with TCD, and was reviewed by the Office of Human Subjects
Research at the NIH. Written informed consent was obtained from the participants when they enrolled. 
Recruitment of the Older Adult Replication Cohort
Recruitment of the Longitudinal Pregnancy Cohort
A total of 201 women were recruited between 2004 and 2005 at their first ante-natal visit to the Coombe Women and Infants University Hospital in Dublin, Ireland. They agreed to participate in a longitudinal study involving collection of non-fasting blood samples at 14 weeks, 24 weeks, and 34 weeks of pregnancy and a cord blood sample upon delivery. Although time points are missing for some women, and cord blood samples were only available from 117 deliveries, all available samples were retained for analysis. All participants had uncomplicated pregnancies and gave birth to infants free of any major health issues. Participants' blood samples were used to extract genomic DNA for genotyping and to measure the concentrations of circulating metabolites in plasma. All participants gave written informed consent, and ethical approval was granted by the Coombe Women and Infants University Hospital Research Ethics Committee and the Office of Human Research Subjects at the NIH. Samples for the TSS GWAS discovery cohort and for both replication cohorts were rendered anonymous prior to analysis.
Metabolite Analysis
Non-fasting blood samples were collected into EDTA, lithium heparin, and clotting tubes. Samples for MMA, cobalamin, holoTC, and total homocysteine (tHcy) analysis were processed within 3 hr of collection and were stored below À80 C, until analyzed.
Plasma MMA concentration was measured by Bevital, Bergen, with gas chromatography mass spectroscopy. 28 
Genotyping Quality Control and Data Preparation for GWAS
In a preliminary analysis for anomalies, ten subjects were excluded because of gender discrepancy between self-report and genotypes (n ¼ 7) and abnormal sex chromosomes (n ¼ 3; one XYY male and two XX/XO mosaic females). 16 subjects with incomplete anthropometric data were removed. Siblings from 77 families reported entry into the study. These included two siblings from 74 families and three siblings from three families. Pair-wise tests for relatedness and population stratification within all the genotyped samples were performed with PLINK v. Finally, principal components (PC) analysis was performed with the EIGENSOFT 3.0 software, 34 and this same low-LD subset of 25,718 SNPs to detect potential population stratification. Scores from the first two PCs (PC1 and PC2) were examined, and two samples were detected as outliers from the main-population cluster of samples, suggesting that their ancestry might be different than that of the remainder of the cohort (6 SD away from the mean). These two samples were excluded from further analyses. Otherwise, the sample set was remarkably homogeneous for genetic variation, consistent with accurate self-report of participants and their Irish ethnicity. No significant evidence of population stratification (no significant principal components) was observed in these data after dropping the two outlier samples. As such, no adjustment was made for stratification in the association analyses. The full data preparation process resulted in a final dataset of 2,235 study samples in the GWAS association analysis. Quality control assessment was performed based on genotyping data for 1,008,829 SNPs. SNPs and/or samples were excluded in two stages. In stage 1, SNPs that had less than 95% call rates were dropped and then samples with less than 97% call rates or that showed cryptic relatedness were dropped (57 samples total). In stage 2, SNPs were dropped that had (1) less than 98% call rate, (2) Mendelian errors when we used Hapmap trios, (3) discordant markers when we used Hapmap controls, and (4) discordant markers from one or more pairs based on study duplicates. SNPs with extreme deviation from the Hardy-Weinberg equilibrium (p < 1 3 10
À4
) were flagged for future reference and remained in the analysis. We also measured LD in our dataset and examined LD plots by using the HaploView program. 35 The data were checked for batch effects with several methods from published GWAS quality control guidelines. 36 No significant batch effects were detected. These methods included (1) 
Imputation of SNPs in the TSS
The MACH1.0 program 37 was used with a set of 757,533 post-quality-control autosomal SNPs to impute ungenotyped SNPs with the HapMap II CEU (CEPH; Utah residents with ancestry from northern and western Europe) reference panel, resulting in 2,350,751 imputed genotypes per person after quality control, such that imputed SNPs were only retained for analysis if the squared correlations between imputed and actual genotypes for a set of masked genotypes (R 2 ) was greater than 0.5. We used 200 individuals for estimating model parameters with 100 iterations for the Monte Carlo procedure by using all available haplotypes for each update, and then we imputed all the SNPs in the HapMap II CEU reference panel.
GWAS Statistical Analysis
Plasma MMA results were available for 2,210 of the 2,235 samples that passed the SNP genotype-based quality control analyses, so the discovery analysis for plasma MMA concentration relates to these 2,210 individuals. Standard descriptive statistics, including frequency distribution of MMA values, median, mean, theoretical versus sample quantile Q-Q plots, and measurements of skewness and kurtosis, were performed on the observed MMA measures both with and without transformation. The distribution of the MMA measurements in the TSS study participants deviated significantly from a normal distribution, and a log 10 transformation was used to normalize the MMA values for the linear regression analyses. Therefore, for the GWAS, genotyped and imputed autosomal SNPs that passed quality control were tested for association with the log 10 -transformed MMA values, adjusted for age and sex.
Other factors known to influence MMA levels (renal function, serum cobalamin) were not adjusted for given that renal function and cobalamin absorption are not compromised in this young, healthy cohort. In the simple linear regression model, the association test of each marker was performed with PLINK v.2 under the assumption of an additive genetic model (i.e., number of minor alleles, 0, 1, and 2). The genomic control lambda was 0.991 for both the untransformed trait and the transformed trait (Table S1) , and results using the transformed trait are reported here. (See Figure 1 and Figures S1-S3 for results using the transformed MMA levels in the analysis of the genotyped SNPs and in the complete set of genotyped plus imputed SNPs, and see Table  S2 for a list of SNPs for which missense or nonsense variants were significantly associated with MMA levels.) The contributed variation of each marker to MMA concentration was calculated by regression R squared (R 2 ). Manhattan plots and Q-Q plots were generated with R scripts written within our institution. To further evaluate the distribution of p values obtained in this GWAS, Q-Q plots without the markers on chromosomes 2 and 16 were also generated, to remove the effect on the plots of these extremely significant SNPs (Figures S1 and S3). Genomic-control lambda values were calculated for each analysis (Table S2) .
Genotyping in the Replication Cohorts and Statistical Analysis of Metabolites in the TSS, TUDA, and Longitudinal Pregnancy Cohorts
All 5,186 TUDA samples were genotyped for HIBCH (MIM: 610690) rs291466 (GenBank: NM_014362.3:c.2T>C) and ACSF3 rs1054747 ([GenBank: NM_001127214.3] c.*231G>A) by LGC Genomics (Herts, UK) with KASP genotyping chemistry. The call rates were 98.9% and 98.0%, respectively. Duplicate samples (2%) were included, as well as the addition of a single control sample to every plate. Concordance for all duplicates was >99%.
In this sample, measures of plasma MMA data were available for 1,511 individuals; 1,481 of these had genotype data for HIBCH rs291466 and 1,458 of these had genotype data for ACSF3 rs1054747. The replication analysis therefore relates to these 1,481 individuals. All 201 pregnant mothers and 117 cord bloods were genotyped for HIBCH rs291466 and ACSF3 rs1054747 by detection of allele-specific extension products via matrix-assisted laser desorption/ionization and time-of-flight (MALDI-TOF) mass spectrometry (Sequenom). For both SNPs, the call rates were 94% for the mothers and R96% for the newborns, and genotypes were 100% concordant for the >12% of samples that were replated and independently typed. The final replication analyses involved 185 mothers and 110 newborns with valid HIBCH rs291466 genotype and MMA data, and 182 mothers and 113 newborns with valid ACSF3 rs1054747 genotype and MMA data.
In the TSS, direct genotyping of HIBCH rs291466 yielded calls for 2,208 of the 2,210 subjects with MMA data who were included in the GWAS. Similar to the TSS data, distribution of the MMA measurements in the TUDA study participants and in the longitudinal pregnancy cohort did not approximate normal distributions, and a log 10 transformation was used to approximately normalize the MMA values for the linear regression analyses. HIBCH rs291466 was tested for association with the transformed unadjusted MMA values in the TUDA cohort and in the longitudinal pregnancy cohort. These association tests were performed with PLINK v.2 by simple linear regression and under the assumption of an additive genetic model as described above for the TSS GWAS.
Data for cobalamin biomarkers in the TSS and the replication datasets were not normally distributed. For Tables 1-3, all significant and represent a difference across the three genotype groups, without specifying exactly which groups are different.
GWAS Catalog Query
To determine whether the lead SNPs identified in this study might have been previously associated with any disease phenotype or other trait, we searched the National Human Genome Research Institute and the European Bioinformatics Institute (NHGRI-EBI) GWAS Catalog. 38 No entries were found for HIBCH rs291466 or ACSF3 rs1054747, or for SNPs in LD (r 2 > 0.8, 1000 Genomes EUR super population) with them (n ¼ 40 and n ¼ 84, respectively).
Analysis of mRNA Abundance
Because HIBCH rs291466 and ACSF3 rs1054747 are coding SNPs, RNA-seq data can be used to quantitate transcripts carrying each allele. Two approaches were used to evaluate whether mRNA abundance is influenced by the SNPs associated with plasma MMA concentration. First, RNa-seq data from heterozygotes were used to determine how much HIBCH or ACSF3 transcript was expressed from each allele. Second, individuals were divided into groups based on HIBCH rs291466 or ACSF3 rs1054747 genotypes to compare the overall abundance of these transcripts. First, to calculate the relative ratios of the T (Met) and C (?) rs291466 alleles, the raw BAM files for the 211 HIBCH rs291466 heterozygous individuals in the Geuvadis RNA Sequencing Project 39 were downloaded. Samtools' mpileup was used to find the number of reads with T (Met) or C (?) alleles expressed in the lymphoblastoid cell lines generated from each individual and the data were plotted in R. To determine the statistical significance of the T (Met) and C (?) allele abundance in the RNA-seq data, a Pearson's chi-square test was performed. Second, we checked relative mRNA expression between the HIBCH rs291466 genotype groups by using RPKM (reads per kilobase of transcript per million reads mapped) scores from the GD462.GeneQuantRPKM.50FN.samplename.resk10.txt.gz file 39 and plotting in R (v.2.15.1). Significance was calculated with anova() from the base package in R. To confirm these results, Genotype-Tissue Expression (GTEx, v.4) data were similarly analyzed. 40 HIBCH microarray expression scores in lymphoblastoid tissue were re-plotted by HIBCH rs291466 genotype group with ggplot() from the ggplot2 package (0.9.2.1) in R. For display purposes, HapMap CEU (n ¼ 60), YRI (Yoruba in Ibadan, Nigeria; n ¼ 60), and JPT/CHB (Japanese in Tokyo, Japan/Han Chinese in Beijing, China; n ¼ 89) individuals were combined into a single group for analysis. Significance was calculated with anova() from the base package in R. These analyses were repeated for ACSF3 rs1054747.
Western Blotting and Subcellular Localization of HIBCH
To determine whether HIBCH rs291466 grossly alters protein levels, western blotting of whole-cell extracts was performed. Figure 3D . Similarly, to determine whether HIBCH rs291466 influences the subcellular localization of HIBCH, western blotting of cytoplasmic, mitochondrial, and nuclear fractions was performed. Mitochondrial import was assessed via western blot after performance of subcellular fractionation (Qproteome Cell Compartment Kit, QIAGEN). Fraction purity was assessed with a control antibody specific for the mitochondrial compartments.
Results
GWAS Discovery Cohort
We identified two regions of genome-wide significant association with log 10 -transformed MMA values ( Figures 1A  and 1B) . The strongest association was observed with HIBCH rs291466 (p ¼ 8.42 3 10 À89 ), a directly typed SNP on chromosome 2 accounting for 9.9% of the total variance. This SNP is a non-synonymous polymorphism (c.2T>C) resulting in a methionine to a presumed threonine change in the translational start codon of the encoded protein, p.Met1? (note: the coding impact of this SNP in the initiator methionine is unknown and we therefore refer to this isoform as ''?''). Although T (Met) is the ancestral allele (based on the allele present in the great apes), the C (?) allele is more common in the studied population. The median plasma MMA concentration for the corresponding CC (?/?) homozygotes was 46% higher than the TT (Met/Met) homozygotes (Table 1) . This effect was independent of biochemical markers of cobalamin status, including serum total cobalamin, holoTC, and plasma homocysteine ( Figures 1C and 1D and Table 1 ACSF3 rs1054747 are intronic or intergenic, and the functional variant responsible for influencing MMA concentration remains unidentified. No regions of significance were observed in chromosome 6, the location of MUT. Next, we focused our efforts on performing replication analyses in two independent populations and undertaking functional characterization studies.
Older Adult Replication Cohort
Because MMA concentration is known to increase significantly with age, it was possible that the impact of this genotype would disappear in the elderly. To test this hypothesis, we genotyped HIBCH rs291466 in 1,481 older individuals in whom we had measured plasma MMA levels and other biochemical markers of cobalamin status ( Table 2) . As in our young adults, the genotype effect for HIBCH rs291466 on the transformed MMA data was highly significant (p ¼ 4.01 3 10 À26 ), and the genotype effect was discernible even when these subjects were categorized into three groups by age or by glomerular filtration rate (GFR, a measure of renal function; Figures 2A and 2B ). Of note, this effect was independent of cobalamin status using either holoTC or total cobalamin as the serum indicators ( Figures   2C and 2D ) and was also independent of plasma homocysteine, a metabolic biomarker of cobalamin deficiency and a metabolite that, like MMA, is sensitive to reduced renal function. The effect of ACSF3 rs1054747 on log 10 -transformed MMA levels was similarly assessed in this population of older Irish adults, resulting in replication of the originally observed effect (p ¼ 0.0003).
Longitudinal Pregnancy Replication Cohort
MMA concentrations are altered during pregnancy and in newborns; 41, 42 therefore, replication of the influence of HIBCH rs291466 on MMA concentration was tested in samples from a longitudinal study of pregnant women and their newborn offspring ( The non-transformed data were compared with the Kruskal-Wallis one-way ANOVA by ranks for three or more independent groups; p < 0.05 was considered significant. d The association test for this SNP was also performed by simple linear regression with PLINK v.2 and under the assumption of an additive genetic model (number of minor alleles: 0, 1, and 2). p ¼ 1.95 3 10 À87 was obtained for the unadjusted log 10 -transformed data.
for AG and GG genotype groups, respectively), as originally observed.
Functional Studies
Because the signal associated with HIBCH rs291466 was driven by a common allele in a gene previously unknown to influence MMA and had the largest impact on MMA levels, we pursued functional characterization studies. Alterations of initiator methionine residues have been associated with loss-of-function alleles. [43] [44] [45] We assessed the impact of this missense change on HIBCH (see below). To determine whether HIBCH rs291466 influences the expression of HIBCH mRNA, we analyzed RNA-seq data generated from lymphoblastoid lines. 39, 46 In 211 HIBCH rs291466 heterozygous individuals, 59% of the reads contained the C (?) allele and 41% contained the T (Met) allele, (p < 2.2 3 10 À12 ; Figure 3A ). We then examined whether absolute HIBCH mRNA expression changed depending on HIBCH rs291466 genotype. The median mRNA expression scores of TT (Met/Met), TC (Met/?), and CC (?/?) genotype groups increased from 10.2 to 11.3 to 13.0, respectively (p < 5.02 3 10 À11 , Figure 3B ). No other gene in a 1-megabase window around HIBCH had this rs291466-dependent effect (data not shown). An independent expression dataset 40 confirmed these results (p < 3.87 3 10 À14 ; Figure 3C ), indicating that the loss of the initiating methionine is associated with an allele-specific increase in HIBCH mRNA expression. To test whether HIBCH levels differ between individuals with HIBCH rs291466 homozygous genotypes, we obtained lymphoblast cell lines derived from nine individuals with the TT (Met/Met) genotype or the CC (?/?) genotype. Immunoblot analysis, used to quantify HIBCH levels, showed that cell lines with the CC (?/?) genotype have higher steady-state levels of HIBCH than cell lines with the TT (Met/Met) genotype ( Figure 3D ).
Discussion
Three aspects of this GWAS of plasma MMA concentration are particularly noteworthy. First, we report the strong association of HIBCH rs291466 with MMA levels in a young, healthy, ethnically homogeneous cohort from Ireland, as well as its replication in two ethnically matched Irish cohorts representing significantly different stages of life. Second, the value of GWASs is emphasized given that this study revealed that the largest genetic influence on MMA levels is not related to cobalamin metabolism and is instead related to a little-studied pathway involved in valine catabolism. Last, we note the potential complexity of determining the mode of function of any phenotype-associated variant, as shown by the unexpected apparent mechanism through which the HIBCH rs291466 (p.Met1?) association signal achieves its effect on MMA levels. In this case the variant associated with the strongest GWAS signal would be expected to produce a null or hypomorphic allele, i.e., one that produces a protein that is not properly targeted to the mitochondrion. Our experiments reveal the opposite; the missense allele associated with higher levels of MMA produces more mature enzyme and acts at the level of mRNA. It is unclear whether this allele directly influences transcription or whether this activity resides with another linked SNP. The non-transformed data were compared with the Kruskal-Wallis one-way ANOVA by ranks for three or more independent groups; p<0.05 was considered significant. The clinical utility of MMA concentration as a confirmatory biomarker of cobalamin deficiency makes this metabolite an important candidate for GWASs. Recent GWAS results for cobalamin have reported a strong association with fucosyltransferase 2 (FUT2 [MIM: 182100]), and in several of these studies, MUT was also identified as a significant determinant of cobalamin at a genome-wide level. [47] [48] [49] [50] We observed no such associations in our GWAS of MMA concentration, and the top MMA GWAS result is in fact unrelated to cobalamin metabolism. This is consistent with two mechanisms for elevated levels of circulating MMA. First, a reduction in cobalamin reduces activity of the MUT enzyme, resulting in accumulation of MMA. Second, a cobalamin-independent mechanism of increased flux through the valine catabolism pathway (e.g., via increased levels of HIBCH due to the C [?] allele of rs291466) can result in increased production of MMA. The effect of the latter was not anticipated, but is very strong. Although HIBCH rs291466 is the more common variant (frequency of allele associated with elevated MMA: 0.57 versus 0.05) with greater impact on plasma MMA concentration (contribution to variance: 9.1% versus 2.2%), we also genotyped the top ACSF3 polymorphism (rs1054747) in our replication cohorts. ACSF3 rs1054747 was significantly associated with MMA levels in the sample of~1,400 older Irish adults, but not in our longitudinal pregnancy cohort ( Table 4 ). The combination of the low MAF and the substantially smaller sample size (~180 pregnant women) most likely diminished our power to detect the effect of this SNP on MMA levels. In support of this, we note that their newborns did show a borderline association (Table 4) . ACSF3 rs1054747 was not found to be associated with mRNA levels of ACSF3 by examination of the Geuvadis RNA-seq data ( Figure S5 ) or by querying the GTEx Portal (over 30 tissues, v.6). This SNP, or the causal variant linked to it, does not seem to act at the level of transcription. However, there are pre-existing data and biological arguments supporting the role of ACSF3 in MMA metabolism. First, the genome-wide signal in ACSF3 confirms recent observations of mutations in this gene as a cause of CMAMMA. 4, 5 Second, our observations on this poorly understood member of the acyl CoA synthetase family of enzymes reinforce the notion of a reversible MMA shunt to provide R-MMACoA for the MUT reaction through the deacetylation of S-MMACoA and subsequent reacetylation of the free R-MMA, as described by Montgomery et al. 51 and supported by Alfares et al. 4 Our data further indicate that spontaneous racemization of free MMA could make a more substantial contribution to the pathway than hitherto supposed (see Figure 4 ) and adds to the debate on whether a functional MMACoA epimerase enzyme is critical for metabolism down this pathway. 51, 52 Our data and these biological observations confirm the connection between ACSF3 activity and steady-state levels of MMA in plasma.
We also confirmed the association of MMA concentration and HIBCH rs291466. This SNP was not only the top genome-wide association signal in a young, healthy Irish cohort, it was also significant in an older Irish crosssectional cohort and in a longitudinal cohort of pregnant Irish women and their newborns. The persistence of this genetic effect is remarkable considering the known potential for altered MMA levels at each of these stages of life. Maternal circulating cobalamin decreases over the course of pregnancy as a result of hemodilution and other pregnancy related factors. 41 This is accompanied by changes in maternal plasma MMA concentration throughout pregnancy and in neonatal blood 41, 42 that could have obscured the replication signal (Table 4) . Similarly, in the sample of older adults, the effect of HIBCH rs291466 on MMA concentration was detected despite the noise introduced by the expected and observed (Table 2) age-related increase in MMA levels as a result of factors such as impaired cobalamin absorption and decreased renal function. The ability to detect the GWAS signal of HIBCH rs291466 in both replication cohorts speaks to the strength of effect of this variant in the face of a phenotype with many known but unaccounted confounders. Our findings demonstrate that HIBCH rs291466 is an important determinant of MMA status, regardless of age or renal function and, as such, is relevant to clinical determination of cobalamin deficiency. Low serum cobalamin concentrations are common in older persons, and it is difficult to assess their clinical significance because the classic symptoms of cobalamin deficiency are often absent or are similar to a variety of disorders in elderly individuals. MMA concentration is regarded as the most reliable biochemical indicator of cobalamin deficiency and is used as a confirmatory test when serum cobalamin or holoTC concentrations are indeterminate and clinical symptoms are unreliable. 14, 20, 53 In our older replication cohort, the median MMA concentration in CC (?/?) individuals was 0.42 mmol/L (Table 2) . By the standard definition of abnormally elevated MMA concentration (> 0.37 mmol/L), 58% of CC (?/?) homozygotes would be considered cobalamin deficient. Although holoTC concentration has been suggested to be a more reliable marker of cobalamin deficiency than serum total cobalamin, 54, 55 only half of these high-MMA individuals (52%) would be regarded as having a The non-transformed data were compared with the Kruskal-Wallis one-way ANOVA by ranks for three or more independent groups; p < 0.05 was considered significant. possible deficiency (holoTC < 30 pmol/l). Thus, 28% of all CC (?/?) individuals might be falsely classified as cobalamin deficient when using MMA values alone. In contrast, among TT (Met/Met) individuals, far fewer (25%) had MMA concentrations above 0.37 mmol/L, and the majority of those with high MMA levels also had low cobalamin status (73%) (holoTC < 30 pmol/L), consistent with a true cobalamin deficiency. Choosing other thresholds for total cobalamin (110 pmol/L) or holoTC (35 pmol/L) changed the proportion of individuals within deficient or sufficient categories but did not remove the strong genotype effect. Thus, this common HIBCH polymorphism is a cobalaminindependent determinant of plasma MMA concentration that influences its effectiveness as a cobalamin status indicator in older adults when applying current clinical cut-offs.
The unanticipated discovery of a variant in HIBCH as a strongly significant contributor to the variance of plasma MMA concentration highlights this little-studied enzyme of branched-chain amino acid metabolism that for several decades has been cited as an unusual feature within the valine oxidation pathway. b-oxidation of odd-chain fatty acids, catabolism of branched-chain amino acids, and metabolism of cholesterol side-chain moieties all follow pathways that generate methylmalonyl-CoA, with coenzyme A (CoA) being added early in the catabolic process. Unlike leucine and isoleucine, valine degradation contains a unique intermediate step, carried out by mitochondrial HIBCH, whereby CoA is removed from 3-hydroxyisobutyryl-CoA, producing 3-hydroxyisobutyric acid, an easily diffusible free acid. Two steps later, CoA is reintroduced when methylmalonic semialdehyde is converted to propionyl-CoA (Figure 4) . HIBCH is reported to be abundant in human liver and might be important to remove the preceding toxic intermediate, methacrylyl-CoA. 56, 57 Animal studies also suggest that release of the HIBCH product, 3-hydroxybutyric acid, might be a mechanism to conserve the gluconeogenic potential of valine. 58 Severe mutations in HIBCH are extremely rare and all reported affected children have died early in life. 59, 60 What are the consequences of this common but previously unstudied polymorphism? It is possible that the reduced amount of HIBCH enzyme produced by the methionine-encoding allele causes a decreased flux of 3-hydroxyisobutyryl-CoA through HIBCH, perhaps leading to higher mitochondrial concentrations of upstream intermediates and moderately altered C4-hydroxy carnitines in the blood of TT (Met/Met) individuals. This model is consistent with what is observed in subjects with rare severe mutations in this enzyme. 59 59 It is also possible that the methionine-encoding allele results in a less efficient gluconeogenic system. We did not measure these metabolites, and we did not detect any consistent changes in liver function tests by genotype in our discovery or our replication cohort of older adults (Tables 1 and 2 ). Additional studies of the phenotypic and metabolic consequences of this polymorphism are warranted. No other phenotypes have been reported to be associated with HIBCH or ACSF3 in the GWAS catalog. Recently, Raffler and colleagues reported an association between variation in HIBCH and an unidentified compound in urine. 63 We anticipate that this compound will be a cleared derivative of valine catabolism. The absence of any known associations between these two loci and reported phenotypes might mean that elevated MMA levels in general do not directly contribute to disease, but rather report on its presence or its potential to develop. Beyond the impact of this SNP, the mechanism of action of the HIBCH rs291466 signal requires elucidation. Although T (Met) is the minor allele for HIBCH rs291466 in this Irish population, phylogenetic analysis suggests that it is likely to be the ancestral allele. T (Met) is also the major allele in the publicly genotyped HapMap CHB, JPT, and YRI samples. The derived C (?) allele results in higher MMA concentrations. Given that MMA is a downstream product of valine catabolism, our metabolic results suggest that the resulting enzyme is more active or more abundant. Because this polymorphism is located at the start of the mitochondrial leader sequence, it might alter the efficiency at which the protein is imported into mitochondria. We tested this model in cell culture studies. Both isoforms of the enzyme were equally efficiently translocated into the mitochondrial matrix ( Figure S4 ). These results suggest that a downstream methionine residue is used to initiate translation and the shortened leader efficiently directs mitochondrial import. Lymphoblastoid RNA-seq data and expression quantitative trait loci (eQTL) analysis demonstrated that, compared to the T (Met) allele, the C (?) allele is associated with a significant increase of HIBCH mRNA levels, presumably resulting in the increased enzyme concentrations that we observed in cultured lymphoblastoid cells. This effect is observed in eQTL analysis (p < 5.5 3 10 À06 ) of more than 30 tissue types, including liver (GTEx Portal, v.6).
On the basis of the genetic code alone, it is predicted that the loss of the initiating methionine would alter HIBCH function via translation or at the level of the produced protein. However, our data support the conclusion that it is likely that this SNP or another variant linked to it produces the metabolic phenotype by influencing mRNA transcription or stability. There are 33 SNPs in strong LD with HIBCH rs291466 (r 2 > 0.95 in the EUR cohort), all of which are intronic or 5 0 of the transcriptional start site and reside in an area containing chromatin marks consistent with active transcription. Further study is required to determine the identity and mechanism of the functional variant underlying the HIBCH rs291466 association with MMA levels.
In conclusion, we have identified two genetic loci that significantly affect the plasma concentration of MMA. These loci provide important data underpinning the current understanding of the pathways leading to MMA production. Our data suggest that genetic variation in HIBCH might be especially relevant in situations where protein catabolism is elevated, i.e., states of acute disease and in the elderly.
Accession Numbers
The accession number for the TSS genotype and phenotype data reported in this paper is dbGAP: phs000789.v1.p1.
Supplemental Data
Supplemental Data include five figures and two tables and can be found with this article online at http://dx.doi.org/10.1016/j.ajhg. 2016.03.005. All branched-chain amino acids (BCAAs) are first transaminated to the 2-oxo derivative via branched-chain aminotransferase (BCAT). The oxo-derivatives then undergo irreversible oxidative decarboxylation to a CoA ester derivative. In the case of valine, this produces isobutyryl-CoA, which is converted to methacrylyl-CoA, an intermediate that is regarded as highly reactive and potentially toxic within mitochondria. Next, methacrylyl CoA is hydrated via crotonase (methacrylyl-CoA hydratase) to form 3-hydroxyisobutyryl-CoA. In the following step, unique to valine metabolism, the CoA is removed to form 3-hydroxyisobutyric acid, a molecule that is easily diffusible across the mitochondrial membrane. The reaction is catalyzed by HIBCH. 3-hydroxyisobutyric acid is subsequently converted to methylmalonic semialdehyde, and in the next step, CoA is reinstated in the pathway by the oxidative decarboxylation of methylmalonic semialdehyde to propionyl-CoA. Further catabolism of propionyl-CoA through cobalamindependent methylmalonyl-CoA mutase (MUT) is common to other BCAAs, odd-chain fatty acids, cholesterol, etc. An epimerase enzyme converts S-methylmalonyl-CoA (S-MMA-CoA) to R-MMA-CoA, the epimer used in the MUT reaction. A MMA shunt has been proposed whereby a deacetylation-reacetylation step, catalyzed by the malonyl and MMA-specific AcylCoA synthetase ACSF3 produces free MMA, which can undergo spontaneous racemization and be re-acetylated in the R-MMA-CoA form.
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